In Sahel, land and resources are used, according to the seasons, by various actors with interests sometimes difficult to conciliate. This spatial competition for the access to the natural resources induces a set of processes leading to overgrazing and conflicts for the access to water. In such a complex agro-sylvo-pastoral context, acquiring and formalizing knowledge about the practices and rules which govern the system are essential to help and accompany the rural populations towards the sustainable management of their environment. Among the new modelling tools coming from the field of Artificial Intelligence, Agent-Based Models (ABMs) are now widely used to tackle the issue of integrated natural resource management. The increase in popularity of ABMs is partially due to their intelligibility, not only by scientists from various research fields, but also by stakeholders. It then becomes easier to build an understandable representation of the system as an "artificial world" and to perform simulations in order to collectively test and discuss various scenarios about the resource management. This paper describes an ABM which has been designed to formalize the interactions between the biophysics dynamics of the natural resources and the socio-economic factors driving the land-use dynamics around the drilling of Thieul village in the sylvo-pastoral area of Ferlo (Senegal).
Introduction
Concerning natural resource management in the Sahel, several social science and natural science approaches (participative and community approaches, cooperation and negotiation frameworks, holistic and systemic approaches, integrated approaches, and others) conflict with, contradict and complement one another in the field to sort out hypotheses and answer questions about the sustainability of production systems [1] . Among the tools used in these various approaches, models often play a crucial part. Agent-Based Models (ABMs) are now widely acknowledged as suitable tools to represent and simulate complex systems dynamics. ABMs allow the integration of experts' hypotheses and multidisciplinary research issues, and take into account customs and practices of rural populations for managing shared space. This kind of approach dedicated to environmental modelling is detailed by Bousquet et al. in [2] . To have a more concrete idea about the usefulness of this approach in the field of natural resource management, a recent application is described by Etienne et al. in [3] . In this paper an agent-based model, validated with each type of main stakeholder (foresters, farmers and the National Park of Cévennes rangers), was developed to simulate strategies of natural resource management (NRM) in the Causse Méjan. 1 The paper underlines the usefulness of integrating agentbased simulations into a step-by-step approach to build land management scenarios based on multiple viewpoints on NRM. Referring to the same methodological background, the objective of this paper is to make explicit and to represent the knowledge acquired on the multiple use of resources and space around the drilling area of Thieul (Senegal). This involves developing interdisciplinary thought on the viability of pastoralism under difficult bioclimatic conditions in a particularly sensitive ethno-social, cultural, economic, and political context. In our approach, a specific agent-based model will serve as a catalyst for re-formulating hypotheses and research issues in the fields of social and natural sciences.
Description of the study area
With a surface area of 1031.46 km 2 , the pastoral unit of Thieul is located in the sylvo-pastoral area of Ferlo, approximately sixty kilometres southeast of Dahra (Senegal) (Fig. 1 ). This land, adjacent to the Dolli ranch and bordering the Peanut Basin, is at the heart of agricultural expansion and has been subjected to the reduction of rangelands and disputes between sedentary populations and cattle herders [4] [5] [6] .
The population is varied, consisting of three major ethnic groups: the Peul, the Seereer, and the Wolof. Due to its location, this agro-sylvo-pastoral land is a morpho-pedological, climatic, and socio-economic buffer zone, which accounts for its diversity. The local climate is typical of the Sahel, with a few Sudanese influences, as indicated by the immense herbaceous coverage in the rainy season. Water resources consist of permanent waterholes (wells, drilling, and drilling antennae), as well as ponds and valleys located around Thieul village with intermittent pluvial runoff.
These specific bioclimatic characteristics continue to attract new populations of farmers, with the number of camps increasing by 70% between 1980 and 2000, compared to only 30% between 1935 and 1980 [6] . This migrant flow resulted in a 13% increase of the farming zones between 1980 and 1999 which is marked by the agricultural fragmentation of the landscapes and a reduction of the rangelands from the south to the north.
Currently, there are several development projects in the zone, around drilling areas, to monitor the change in the natural resources and to propose space and resource planning. The livestock farming support project (Papel) launched in 1993 called for a participative, decentralized approach on a rural community scale, in order to take into account the concerns shown by every stakeholder with a view to collective resource management around high output pastoral drilling areas. For this purpose, the first planning and management tools negotiated between the various stakeholders were developed and tested around the pastoral unit (PU). The concept of a pastoral unit refers to the space and all of the resources that are specific to a pastoral drilling site [7] .
However, despite the efforts made and the plans that have been implemented, results in the field remain mixed. This situation of unattained objectives in terms of tools and natural resource management techniques indicates the inadequate or non-adaptive nature of the proposed solutions, which in their design neglect the perceptions, knowledge, practices, and needs of local populations. The questions that remain unanswered include:
-How can the local populations' needs be defined and their spatial knowledge be integrated into the resource management plans, in what form and on what scale? -In what context should their needs be designed and used with the actors/decision makers (animal herders, farmer-herders, farmers, opinion leaders and government officials)? -In other words, how can the use of local populations' needs be optimized in the negotiation process? To better understand the interactions between space, resources, and the stakeholders, the objectives of this paper are: (i) to develop an ABM to test hypotheses and intervention or event scenarios in order to enhance the various aspects of a comprehensive, multidisciplinary approach for managing space and shared resources; (ii) to develop methodological frameworks and approaches for cooperation and/or negotiation with the stakeholders in order to improve the resourcerelated decision-making processes.
The purpose is to create tools and frameworks for cooperation in order to integrate the needs of the populations as accurately as possible into development projects for the efficient management of natural resources.
Approach and method
The agent-based modelling we propose to implement has brought an innovative vision of modelling and simulation to environmental science by providing the opportunity to directly represent individuals, their behaviours, and their interactions simultaneously [8] . Many authors use this approach, with a certain amount of success, to try to understand the interactions between social and ecological phenomena: [9] on the irrigated areas in the valley of the Senegal River [10] and [11] on pastoralism in the Sahel region.
In order to enhance the sharing of all of the ABM development process with various experts and stakeholders, the methodological approach suggested is based on a participative approach from analysis to the implementation of the model. The process of collectively and interactively designing and using such kinds of models produces a stimulating framework where it becomes easier for individual participants to be aware of the specific perceptions of all other stakeholders involved in the same process. The goal is to start and support discussions about the future of the system by analysing the prospective results of scenarios, which are also proposed by the stakeholders, and ultimately to build a shared representation of the system. D'Aquino et al. [12] have experimented with a similar method by combining a role-playing game and an agentbased model to empower a local decision-making process for land use management. The main objective was to test direct modelling design of these tools by stakeholders, with as little prior design work by the modeller as possible. This "self-design" experiment was organized in the form of participatory workshops which led to discussions, appraisals, and decisions about planning land use management. This experiment (called "SelfCormas") occurred at Ross-Bethio, a rural community in the Senegal river valley.
Thus, as with the SelfCormas experiment, the population's participation is at the heart of our approach for developing endogenous knowledge bases and understanding the activities and logic of the different stakeholders. This participative process, centred on the population's design of their own maps using their knowledge and practices, is structured around three stages: (1) external diagnosis of the situation; (2) reinforcement of endogenous skills; (3) the actors' design of their own maps. All the acquired information is finally formalized, from a conceptual point of view, by using a formal description language, UML (Unified Modelling Language), which is an intermediate stage towards the implementation of the corresponding model on a computer. The ultimate stage of the methodological approach is to run prospective scenarios and discuss the results.
The first stage consisted of an external diagnosis of Thieul's land situation in order to determine the capacity and level of representation of the territorial issues. For this purpose, a survey was conducted with 21 representatives of the various stakeholder-decision-makers involved in the different management committees of the pastoral unit. The result obtained by the survey revealed three categories. The first one is composed of farmers, herders and farmer-herders and accounts for 71.5%, the second one is composed of intellectuals and accounts for 19% and the third one is the socio-professional category composed of tradesmen, bakers and tailors and it accounts for 9.5%. Most of the respondents originate from Thieul (52.4%) which is considered as the country town of the rural community. The analysis of the decision-making process shows the strong influence of the local councillors and the customary and religious authorities on the populations.
At the end of this diagnosis, the second stage was planned as a workshop to reinforce the populations' skills in cartographic analysis. The objective was, through dialogue and apprenticeship, to represent in a cartographic medium the stakeholders' perception (knowledge, customs, and access to resources, etc.) in order to help them to elaborate their development plans. The basic concepts for reading a map (title, orientation, key and scale) were explained and illustrated by cartographic exercises (Fig. 2 ). For example, apprenticeship through activity makes it possible to switch from a simple map representing morpho-pedological groups to increasingly complex maps with the superposition of other information, such as human settlements, waterholes, agricultural zones, etc. Each exercise is marked by a series of questions, explanations, and exchanges between the stakeholders and the leader.
The stakeholders develop maps corresponding to their perception and their needs in the third stage, they run them in several cooperative and negotiation meetings between the different groups of the pastoral unit. The diagrams and sketches resulting from these exchanges were transferred to a cartographic medium during plotting workshops with the researchers. During the process, the geographical information provided was presented and amended each time with all the stakeholders with the view of collectively legitimizing the cartographic summary (Fig. 3) . The activities of the main stakeholders, defined as those using the space, were described according to the annual agro-pastoral calendar. Table 1 Agro-sylvo-pastoral calendar a PET: Potential EvapoTranspiration. The amount of water evaporated (both as transpiration and evaporation from the soil) from an area of continuous, uniform vegetation that covers the whole ground and that is well supplied with water (http://amsglossary.allenpress.com/glossary).
b ITF: Inter Tropical Front, or equatorial front; also called tropical front. A front presumed to exist within the equatorial trough separating the air of the Northern and Southern Hemispheres (http://amsglossary.allenpress.com/glossary).
The content of this calendar was discussed with pastoralism specialists. After the first corrections were made, an outline of the same blank calendar was translated into Peul, 2 and presented to the various stakeholders/decisionmakers, who amended it ( Table 1) . The validity and legitimacy of the information obtained were verified during the role-playing session that took place during the last workshops (Figs. 4 and 5). The fourth and last stage consists of building and implementing the model using the information obtained during the participatory process (maps, role-playing sessions), the results restitution and the stakeholders' appropriation of the tool. In the next section, the agent-based model that has been designed from the elements gathered during the first three stages is presented.
The agent-based model
The various projects carried out with the stakeholders in the field enabled us to get not only a common representation of their own space (Fig. 6 ) but also a better evaluation of their needs.
A conceptual analysis, resulting from the different workshops, allowed us to develop a UML class diagram of all the entities pertaining to our system. This defines the general architecture of our agent-based model (Fig. 7) . Class diagrams represent only one kind of diagram proposed by UML, which is a language for specifying, visualizing, constructing, and documenting the artifacts of software systems as well as for business modelling and other nonsoftware systems. 3 In this section we will also use another type of UML diagram, namely activity diagrams, which allow to focus on the details of dynamic operations.
The standard components of a UML class diagram are recognizable in Fig. 7 :
• A class (rectangular box) is a generalisation of a real world entity (Herder, Farmer, Farmer-Herder).
• An association represents a relationship between two classes, and gives the common semantics and structure for many types of interactions between entities. We can annotate the line representing the association with a name. A multiplicity (ex.: 1 . . . n or 0 . . . n in Fig. 7 ) can be associated with the relationship. It describes how many instances of one conceptual entity are likely to be associated with one instance of the related conceptual entity.
Given the information in the class diagram ( Fig. 7 ) and in the map drawn up by the stakeholders (Fig. 6 ), we will describe our model within two subsections: firstly, a description of the various elements of our space under study (4.1); secondly, a description of the various activities and logic for the stakeholders employing them (4.2).
Space and resources of our model: drilling influence area
The drilling influence area corresponding to the Thieul pastoral unit is made up of elementary entities (pixels or patches). Its representation results from the map drawn up by the stakeholders, prepared by the local populations of the Thieul PU (Fig. 6 ). Generally speaking, the resolution of each elementary entity was brought to 300 m × 300 m (90,000 m 2 ). Several spatial units of variable significance are represented in this space, from the point of view of the stakeholders as well as from that of their spatial distribution (Fig. 8) . 
Field
This spatial entity is composed of the areas planted with peanuts or millet in the rainy season and farmed from July to October or November by the farmers and farmer-herders of Thieul.
Resources
This entity consists of all the natural resources used by the various users. They fall into the following categories: Forage: This is primarily the available herbaceous and ligneous crop production, exploited by animals year round. Herders classify it into four functional units, according to topographical and morpho-pedological factors: (i) the pastures of caanngol-baljol (shallows and hydromorphic zones- Fig. 8(b) ) which are of very high quality; (ii) the pastures of seeno (Fig. 8(d) ) and yongre-seeno (Fig. 8(e) ) (sandy soil) which are very good in the rainy season and fair to poor in the dry season; (iii) the pastures of nyaargo-sangre (surfacing of duricrust, clay-gravel- Fig. 8(a) ) which are very good and sought after (Zonia glochidiata) at the end of the rainy season, or the beginning of the dry season, but they are poor to worthless in the dry season; (iv) the pastures of luggol (clay-sand soil of the fossil valleys- Fig. 8(c) ) which are moderately good in the rainy season and fair to poor in the dry season. Consequently the dynamics of the forage crop closely depends on rainfall. Boudet [13] provides us with an interesting model established in Ferlo (Senegal) which enables the evaluation of the herbaceous biomass as related to rainfall:
Bh i,n : the herbaceous biomass produced in kg/ha for resource i for year n P i,n : rainfall in mm for year n, involving resource i β i , α i : the coefficients drawn from statistical studies of land that depend on the nature of the resource. In the Ferlo case, Boudet [13] proposes: α = 4.1 and β = 515. Water: One of the key resources of the pastoral systems of Ferlo. In the Thieul PU, water resources are mainly composed of ponds, wells, and drillings. Drillings draw their water from deep ground water. In general, they provide populations and livestock with water when the ponds dry up, which occurs during most of the dry season. Thieul's drilling (Fig. 8-letter F) is equipped with two long pipes (antennae) (Fig. 8-letter A) enabling water to be transported into water troughs located further away (8 km). The wells are generally used for supplying the closest localities' inhabitants with drinking water. As a result of the depth of the ground water and the means of pumping it (by manual or animal power), there are not many of them.
The ponds (wendou, loumbel, belel, etc., according to the local names where runoff water stagnates in the rainy season (Fig. 9) ), are small depressions that are not very deep, rarely exceeding one meter. They are generally still, and most of them are often found in the bardiol or thiangol zones. They serve to supply the human and animal populations of the camps with water for 3 to 4 months.
The findings of PPZS projects 4 in the area of Ferlo indicate that the ponds' dynamics depends on rainfall, consumption, seepage, and evaporation:
H i,n : water level in pond i in m during year n P i,n : quantity of water in mm following good, average or low rainfall in year n for pond i V i,n : the water volume in m 3 of pond i during year n I i,n : the seepage of water in mm in month n for pond i C i,n : the quantity of water consumed in mm in month n for pond i E i,n : the quantity of water evaporated in mm in month n for pond i S i,n : surface area in m 2 of pond i during year n 4.1.3. Habitat These are human residences or settlements. We have identified two types: Permanent habitat: This is the case for a village that occupies a large amount of space. It is often the administrative centre of the rural community and sometimes of the main drilling site. Its population consists of geographically stable residents (farmers, merchants, opinion leaders, government officials); Seasonal habitat: this category has two sub-types: (i) the seedaano (Fig. 10) , or dry season camp, which is located within the area of influence of a permanent waterhole (main drilling site, drilling antennae, wells, etc.) and is accessible to the population and livestock. It is the sporadic habitat of herders and farmer-herders in search of water and pastures in the dry season, (ii) the ruumaano rainy season camp, which is generally located in coastal zones in the sandy substrate of the seeno near intermittent waterholes (a pond or stream). This is the preferred habitat of herders and farmer-herders in the rainy season and at the beginning of the dry season until fields are harvested.
Stakeholders or agents of our model
In Thieul village, like everywhere else in Ferlo, the multiple uses of the resources and space are subject to the yearly alternation of rainy and dry seasons. With a variable length of 3 to 4 months for the rainy season and 8 to 9 months for the dry season, these two main seasons establish the agro-sylvo-pastoral production system cycle ( Table 1) . At this stage, the activities of the main stakeholders will be featured in the annual agro-pastoral calendar. The content of this calendar was discussed with specialists in dry zone pastoralism. After the first corrections were made, an outline of the same blank calendar was translated into Peul, and presented to the various actors/decision-makers, who corrected and approved it. To depict and formalize the activities of the three main kinds of stakeholders, according to the annual agro-pastoral calendar, UML activity diagrams have been used. The basic UML conventional notations related to this kind of diagram are as follows:
• an activity (from a computer science point of view, an activity is an on-going non-atomic execution within a state machine) which is represented by a rounded rectangle;
• transitions (represented by solid arrows) which allow us to order the sequence of activities.
Herder
Herders own a herd of cattle and small ruminants that are led to where the seasons take them, between quality pastures and waterholes, from one camp to another. In response to the variability in space and time of the primary resources, herders have adopted a strategy based on mobility (Fig. 11) . In Thieul, all herders are a part of the Peul ethnic group. Fig. 11 shows how the different activities performed by herders are linked in the dry season (a) and in the rainy season (b).
Farmer-herder
Farmer-herders have a herd of cattle and small ruminants and a plot of farmland that they farm in the rainy season near their ruumaano. They are less mobile than herders and often entrust their herd in transhumance to their eldest sons. Unlike herders, this category of agents is more ethnically heterogeneous (Peul, Seereer, Wolof).
Farmer-herders simultaneously perform agricultural and pastoral activities that are identical to those performed by the farmer and the herder (Fig. 12) . They are less mobile than the herder, and their herd benefits from the crop residue in their fields. 
Farmer
Farmers own or rent one or more plot(s) of farmland on the seeno or caanngol-baljol which they farm in the rainy season. Their activities consist of preparing their fields starting with Ceetcelde. They start sowing about 10 days after the first rains in order to be able to conduct weeding and monitoring throughout Duungu. Starting with the first warm days of Kawle, they begin harvesting, sorting and collect the crop residue in Dabbuunde. In the dry season (Ceedu), farmers market the products and residue from their fields (Fig. 13) .
The farmer category is most often composed of disciples from the Mouride brotherhood, predominantly consisting of Wolof and Seereer.
The 'Thieul' simulator
The Thieul simulator was developed with the help of Cormas 5 [13] . The Cormas programming environment is dedicated to the creation of agent-based systems, with a specificity in the domain of natural-resource management. It provides a framework for developing simulation models of coordination modes between individuals and groups who jointly exploit the resources. This framework is structured in the three following modules (Fig. 14) .
The first module ( Fig. 14(a) ) allows the definition of the entities of the system to be modelled, which are called informatics agents, and their interactions. These interactions are expressed by direct communication procedures (sending of messages) and/or by the fact of sharing the same spatial support.
The second module (Fig. 14(b) ) deals with the control of the overall dynamics (ordering of different events during a time-step of the model).
The third module (Fig. 14(c) ) allows the definition of an observation of the simulation depending on viewpoints. This feature allows the integration, within the modelling process, of representation modes.
The language used is Smalltalk and the development environment is VisualWorks. The Thieul simulator is composed of a main interface (Fig. 14) from which one can access the simulation space, which enables the user to load the resource map (Figs. 15 and 16) , and of several secondary or slave interfaces (Figs. 17-19 ) that allow the user to use the tool in an efficient and user-friendly way.
-Window to configure pluviometry (Fig. 17 ): This is a thirty-year record corresponding to a Pluviometric Average (PA). Thus, depending on the annual pluviometry, or rainfall (AP), it can be qualified as good (AP >= 450 mm), average (300 mm <= AP < 550 mm) or low (AP < 300 mm) with respect to the pluviometric average calculated over 30 years. This average is 428 mm for the Thieul pluviometric station between 1970 and 1999. A data entry interface defines the chronological series used for each simulation scenario over a 30 year period. -Windows for inputting various parameters connected with ponds ( Fig. 18 ) and for the distribution of the different users of the space (Fig. 19 ).
Results and discussion
6.1. Data and parameters used for calibrating the model 6.1.
Biomass
The carrying capacity of a pasture is the quantity of livestock that the pasture can support without being damaged. It is expressed in tropical livestock units (TLU) per hectare (TLU/ha) (1 TLU = 1 250 kg cow or ten small ruminants). Table 2 Carrying capacity in an average pluviometric year for types of pastures and models used for the productivity of herbaceous ranges, according to the rainfall for the different types of ranges Types of units Boudet models: Table 2 gives the carrying capacities of types of pastures in an average pluviometric year. In order to vary this carrying capacity or biomass with respect to rainfall, the Boudet model [17] was used, and weighted according to the different types of ranges ( Table 2 ). The initial model is Bh = 4.1 P − 515, where Bh is the herbaceous biomass produced in kg of dry matter/ha, and P the annual rainfall in mm. We have established the minimum surface area of a field entity at one hectare, or 10 000 m 2 . On the resource map for the model, the spatial resolution of the pixel or patch is 90 000 m 2 , which means that one patch can contain nine fields. In order to calculate the theoretical carrying capacity (TCC), the sum of the pixels that compose each pasture is multiplied by the biomass produced according to average rainfall. Based on this total biomass, agrostological studies estimate that only half (50%) is potentially usable by the animals. The rest is lost due to the treading of the animals and deterioration of the foraging value, or is destroyed by wind and fire [14] . To obtain the TCC in TLU, only 50% of the total biomass is divided by consumption of the TLU over a year, or 365 days × 6.25 kg DM/d = 2280 kg DM/yr.
Users of the space (stakeholders)
In the Thieul model, the main stakeholders/users of the space (farmer, farmer-herder and herder) have been divided into three categories (large, medium and small) ( Table 3) . Small livestock farmers correspond to a category whose herd size represents a viability threshold for family farms [14] . The values of these attributes are adjusted according to pluviometry depending on the data observed in the field in Senegal for cattle [15] . The surface area of farms and its variation were assessed using studies conducted in the Peanut Basin (Table 4) [16] . 
Water resources
We are interested in the representation of the dynamics of intermittent waterholes-ponds. The work carried out in this area of Ferlo estimates the following variations of water levels: 85 cm in a good year, 50 cm in an average year and 20 cm in a low year. The same studies conducted in the Thieul land give a daily seepage of 5.4 mm and evaporation of 4.6 mm/day [18] . 
The different scenarios and results
The basic hypotheses of our scenarios consist of verifying the effect of rainfall variations on the spatial configuration of agricultural areas and the pressure put on natural resources by animals. In the following simulations, we have considered the same number of space users for all categories of users, e.g. 70 farmers, 70 farmer-herders, and 70 herders, with the same size distribution for the three types of users: 10 large, 50 average, 10 small. For each of these scenarios, we have used the parameters below: real consumption expressed in kilogram of dry matter; quantity of TLU; space cultivated in hectares; quantity of forage crops in tons; water level of ponds in centimetres.
The results obtained with a constant population of stakeholders
The cartographic results of this first scenario (Fig. 20) indicate an extension and aggregation of the farming zones (dark) along the luggol (valley), thus dividing the pastoral unit into two zones, the north and the south (Fig. 20) . This space saturation by the farming contingent would likely cause coexistence problems between the pastoral and agricultural activities in the zone if passageways for the animals were not planned for in pastoral development infrastructures.
In light of the spatial configuration of agricultural areas and the pressure put on natural resources by animals, a stagnation in sown surface areas results (zero growth) (Fig. 21) .
The cartographic output (Fig. 22 ) reveals a space fragmentation by agricultural zones. The spatial configuration of agricultural areas, cutting out the valley at the end of the simulation, is similar to the current state of agricultural dynamics observed through diachronic analysis of landscapes made from aerial photographs and satellite images from 1969, 1979 and 1999 [19] . In fact, the aerial photographs from 1999 show a localization of agricultural areas in the south along the valley and to the north of the Dolli ranch. Likewise, the simulated scenarios (Sc1, Sc2, Sc3, Sc4, Sc5) over thirty consecutive years reveal the following dynamics:
-The evolution of the theoretical carrying capacities (or TLU) at the resource map level indicates an increase in good (Sc1) and average years, but a decline and even irreversible deterioration over thirty consecutive low years (Sc2) (Fig. 23) . -At the level of the ponds, Fig. 24 clearly shows the ponds' cyclical dynamics. The ponds fill at the beginning of the rainy season (duungu) and remain partially full for around 1, 2 or up to 4 months according to the quality of the pluviometry (Fig. 24) . It is also pointed out that in the case of good pluviometry (Scenario1, sc1) ponds are filled with a greater amount of water than in other scenarios.
-For the fields, we note a linear increase in the area of cultivated space over thirty consecutive years of good rainfall (Sc1), a stable one in average years and a decreasing one in low years (Sc2) (Fig. 25 ). -As for the resources, assuming the same human activities, their evolution and the initial parameters (Table 3) , they would remain more or less in equilibrium with respect to their overall dynamics, regardless of the scenario under consideration (Fig. 26) . The increase in the same curve in low pluviometry (Sc2) is due to the absence of animals, which promotes a 'natural regeneration' of the basic resources.
However, the real carrying capacities corresponding to the potential resources consumed by animals in good (Sc1) and average years tend to evolve linearly in the same direction, unlike the situation observed in low years (Sc2) (Fig. 27 ).
The results obtained with a changing population of stakeholders
It is also of interest to simulate an evolution of the space users population (Y n ). The total population of 210 families will be subjected to changes at each step (Eq. (4)), which leads to 70 families for each category of stakeholders (Eq. (5)). This population dynamics was observed in the surveys conducted in the pastoral unit of Thieul [6] . 
And individually we have:
∀i ∈ {Herder, Farmer, Farmer-Herder}. Thus:
So, after many rounds of simulation (18 000 steps) for each case, Figs. 28-30 show a strong sensitivity of the various parameters (real consumption of the cattle, dynamics of cultivated space, dynamics of the resource) in the scenarios studied (Sc1, Sc2, Sc3, Sc4, Sc5). Independently of the scenario and the number of space users, scenario Sc2 is always the worst in terms of consumption and resources available. Indeed, a low rainfall has a very unfavourable impact on the medium and the resources. In addition, we have to note that continued low rainfall (Sc4, Sc5) has more significant harmful impact on the livestock and the resources than in alternate high and low rainfall years as in scenario 3 (Sc3).
On the other hand, for the rainfall level of scenario1 (Sc1), an increase in settlement density (Y = 2100) and considerable extension, and dislocation of the blocks of cultures, and dispersion of the fields (Fig. 22) cause very tight competition between agriculture and pasture for space occupation. Thus, the possibilities of pasture are very limited in this zone, in particular in the rainy season because of demographic pressure and the importance of the fallow for farmers.
The cumulative and combined effects of these various factors lead to a potentially conflicting situation between farmers and herders in this area. These results raise therefore the problem of access to the land and more generally the adaptation of the system pasture production to the new conditions created by the resource degradation and the modification of the economic, political and social environment.
We can also observe that drillings do not bring a solution to pastoralism in this area. The pastoral system is still largely dependent on the climatic hazards and more particularly on rainfall.
Conclusions and outlook
These simulations illustrate the effectiveness of ABM in understanding the interactions and dynamics of complex systems. In creating the Thieul model, from the outset, we preferred to review all knowledge from scratch as well as to share spatial and temporal representations of the resources between the various stakeholders and researchers. No a priori hypotheses have been used as justifications to reject certain information acquired from direct and participative interactions with the stakeholders (farmers, herders and researchers).
The first results allow us to foresee the possibilities that ABMs offer in testing hypotheses and intervention or event scenarios for managing shared space and resources. The experiment promoted the emergence of a shared and shareable representation, as well as improved, mutual understanding and enrichment among "experts" (scientists) and stakeholders (farmers).
The development of such a tool is all the more important because it is a decisive step in creating a common and even concomitant approach to agro-ecological systems and socio-economic systems for the sustainable management of space and resources.
The next step is to return the results to the stakeholders. This is an important moment in our process, because our objective is not only the participative design of the model, but also the stakeholders' appropriation of the tool. Through the 'role-playing' organized in the workshops, we have already prepared the groundwork, which from our point of view, will greatly facilitate the return process.
